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ROBERT A. BRIGGAMAN, M.D.t AND CLAYTON E. WHEELER, JR., M.D.
Epidermal-dermal interactions play an im-
portant role in the differentiation of epidermis
and epidermal appendages in developing avian
and mammalian embryos (1, 2, 3, 4, 5, 6).
An equally important, though less well studied,
problem concerns the conservation of specificity
of differentiated adult characteristics (1). Epi-
dermal-dermal interactions which are similar
although not necessarily identical to those seen
in the embryo may obtain in adult skin
and explain, in part, the mechanism by which
seemingly stable adult characteristics are con-
served and maintained.
Two aspects of the problem of conservation
of adult characteristics relate to epidermis. One
concerns the manner in which regional epi-
dermal specificity is maintained in different
areas of adult skin. By grafting recombinants
of separated epidermis and dermis from dif-
ferent regions of adult guinea pig back to the
animal for prolonged periods, Billingham and
Silvers (7) showed that the dermal component
determined the specific regional characteristics
of the overlying epidermis. The manner in
which the dermis exerted this influence was not
elucidated and remains an intriguing problem.
The other aspect concerns the role of dermis
in the control and maintenance of the organi-
zation of epidermis. From an organizational
standpoint, there are three essential character-
istics of adult epidermis: (1) permanent
population of germinal cells which are basally
situated and mitotically active, (2) orderly
stratified maturation of epidermal cells derived
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from the germinal population including
discrete Malpighian and granular cell layers,
and (3) elaboration of stratum corneum, the
end product of epidermal cell activity.
Whole skin can be maintained with preserva-
tion of all the above features by various tech-
niques including organ culture (8, 9), grafting
to a heterotopic site in the same host (10, 11,
12) or grafting to the chorioallantoic mem-
brane (CAM) of an embryonated chicken egg
(13). Although epidermal cells from adult
human skin have been grown in vitro in the
absence of dermis or dermal cells, such cul-
tures have been considered to be unorganized
(14, 15). However, recent observations suggest
that a greater degree of organization exists
than was previously thought. Epidermal cells
which grew out from whole skin explants
showed orientation and mitotic activity of cells
in a basal position on the glass surface of
the culture container in addition to multi-
layered stratification of the cells (16, 17). But
important organizational features of epidermis
were absent including Malpighian and granular
cell layers and the formation of a stratum
corneum. In addition, several in vivo studies
suggested that epidermis separated from its
connective tissue did not survive when grafted
to a heterotopic site in man (18). Thus, the
maintenance or reconstruction of an adult
epidermis with all the features enumerated
above has not been demonstrated in the ab-
sence of dermis or a similar connective tissue.
These data suggest that dermis is important
for maintenance of epidermis. Few studies,
however, deal with this problem in an analyti-
cal fashion, particularly with regard to the un-
derlying mechanisms. It was the purpose of
this study to investigate the following ques-
tions: Is dermis necessary for epidermal
maintenance? If so, what is the nature of the
dermal influence? In an effort to answer these
questions, adult human skin was separated
into isolated epidermal and dermal compo-
nents. The behavior of the isolated components
and recombinations of these components was
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Fic. 1. Preparation of skin components shown diagramatically in top line. Epidermal-
dermal separation was accomplished by trypsinization of thin whole skin (ws) sheets cut
from full thickness skin with a keratotome.
Fic. lA—lB shows relationship of isolated epidermis and dermis to the chorioallantoic
membrane (CAM) in graft.
Fic. 1C—1E shows the orientation of epidermis and dermis in recombinants and the re-
lationship of recombinant to the CAM in graft.
studied after a period of cultivation, looking
specifically for maintenance of the essential
features of epidermis listed above. A culture
system in which the essential features of epider-
mis were well preserved during cultivation of
whole skin grafts was an absolute requirement
for the investigation. Grafting to the CAM
proved to be a satisfactory system.
Impetus was given to this work by the pos-
sibility that derangements of tissue organiza-
tion underlie a number of cutaneous diseases of
unknown cause such as psoriasis, the ichthyosi-
form conditions and cutaneous neoplasia. Basic
knowledge concerning interactions between dif-
ferent components of normal skin is essential
to investigation of these organizational inecha-
nisms in disease.
MATERIALS AND METHODS
Preparation of Skin Components
Adult human skin obtained at surgery was used
in all studies. The skin was washed with Phisohex®
and wiped with alcohol prior to removal. All mate-
rials were handled aseptically during the following
procedures. Thin split thickness sheets consisting
of both epidermis and dermis were prepared from
whole skin using a Castroviejo keratotome set to
cut at a depth of 0.4 mm (Fig. 1). The sheets were
then cut into small pieces (4—8 mm diam.) con-
venient for grafting. Some of this material, labeled
whole skin, was used for grafting without further
treatment. Other material was placed in 0.4% crude
tryspin solution (Difco 1:250) at 40 C for two
hours followed by immersion in medium 199 with
33—50% fetal calf serum to inactivate the tryspin.
Epidermis and dermis were then separated at the
epidermal-dermal interface under magnification
with a dissecting microscope. Only pieces which
consisted entirely of epidermis or dermis were
used.
In some experiments, dermis was treated by
alternate freezing at —60° C and thawing at 36° C
which was done four times at 30 minute intervals.
Dermis treated in this manner failed to produce
fibroblastic outgrowths on explant cultivation
whereas outgrowth of fibroblasts occurred regularly
from the control untreated dermis, attesting to the
nonviability of the freeze-thawed dermis. In addi-
tion, dermis was killed by immersion in boiling
water for 30 seconds. Heat killed dermis was
shrunken and failed to demonstrate fibroblastic
outgrowths.
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Recombinalion of Skin Components
Recombinations of isolated skin components
werc constructed according to the following dia—
gram (Fig. iC—iD). All recombinations were as-
sembled under a dissecting microscope in a watch
glass containing culture medium. Different surface
characteristics of opposite sides of the epidermis
and dermis allowed orientation to be ascertained
and maintained during grafting. Epidermis and
dermis were positioned and gently reapposed. A
slight adhesiveness of the dermis allowed the
recombinants to be constructed with relative ease.
Immediately thereafter, the recombinants were
transferred to a graft site on the CAM.
In a similar manner recombinants with epi-
dermis were constructed in which the following
artificial substances were substituted for the dermis
in the grafts: (1) Millipore filters (Type HA,
mean pore size 045 microns, thickness 150 microns
and Type TH, mean pore size 0.45 microns, thick-
ness 25 microns), (2) Agar (Special Noble, Difco)
1% in minimum essential medium (Eagle) with
10% fetal calf serum.
In a series of grafts, isolated epidermal and
dermal components were placed on opposite sides
of a sterile Millipore filter (Type TH, mean pore
size 0.45 microns, thickness 25 microns) as shown
diagrammatically in Fig. 1E and grafted to the
CAM with the dermis immediately adjacent to
the CAM.
Preparation and Cultivation of Chorioallanloic
Membrane Graf Is
Graft sites were prepared on the CAM of
chicken eggs at 7—9 days of incubation by cutting
a shell window over a previously determined
vascularized area. The shell window was removed,
the CAM was carefully dropped away from the
shell membrane and the CAM exposed. Only CAM
with well developed vascularization and free from
blood and shell debris were used for grafting.
Grafts were placed on the CAM at the junction of
large vessels by means of a small metal spatula.
The graft was inspected to assure satisfactory
positioning after which the shell window was
closed with Parafilm® and sealed with paraffin.
Eggs containing grafts were incubated at 36—37° C
for periods up to 10 days. Most eggs were left
stationary during culture, but some were opened
daily and either culture medium or egg albumin
solution applied to the CAM according to the
technique of Rawles (5). This was done in at
least one series of grafts of each experiment in-
volving different recombinants in order to keep
the grafts moist and exclude the possibility that
the experimental results might be influenced by
drying on the air-exposed CAM. After incubation,
the grafts were harvested and prepared by routine
histologic techniques. The period of time which a
graft could be left on the CAM was limited to
about twelve days by the incubation time of the
embryonated egg.
In order to demonstrate mitotic activity in the
grafted epidermis, tritiated thymidine (New Eng-
land Nuclear, Spec. activ. 6 millicuries/mol.) in a
dosage of 10 microcuries per egg was added 2—4
hours prior to harvesting. The tritiated thymidine
was applied to the surface of the CAM in the
areas around the graft. The tritiated thymidine
was taken up rapidly by the embryonic circulation
as indicated by labeling of distant sites in the
embryo. After harvesting, tissue sections of the
graft were made by routine histologic technique
and radioautographs prepared with Kodak NTB2
nuclear track emulsion exposed for one week at
4°C.
Tritiated histidine was used to demonstrate the
formation of new stratum corneum during cultiva-
tion. Tritiated histidine (New England Nuclear,
Spec. Activ. 4 millicuries/mol.) was added on the
second day of incubation in a dose of 50 microcu-
ries per egg in the same manner as described above.
Radioautographs were prepared in the same way.
RESULTS
The observatioiis recorded here were derived
from study of over four hundred grafts.
Whole Skin
All the characteristics of adult epidermis
were preserved for a period up to twelve days
in grafts of whole skin to the CAM (Fig. 2).
Basal, Malpighian and granular cell layers
appeared normal. Mitotic activity of the basal
cell layer was demonstrated by radioautographic
labeling with tritiated thyrnidine. The stratum
corneum consisted of two distinct layers in
most grafts at five days and nearly all grafts
at ten days. The outer layer which had a loose
basketweave structure represented stratum
corneum which was present in the skin prior
to grafting to the CAM. Hereafter, this layer
will be called performed stratum corneum. A
second layer which had a more dense structure
was situated between the preformed stratum
corneum arid the granular cell layer. This inner
layer of stratum corneum was heavily labeled
by tritiated histidine administered during
culture whereas the preformed stratum corneum
was not labeled. Since tritiated histidine has
been shown to be incorporated predominately
at the granular layer with subsequent incorpo-
ration into stratum corneum (19, 20), labeling
of the inner layer demonstrated that it was
formed during culture. This inner layer will
be referred to hereafter as newly formed
stratum corneum. A few of the grafts showed
parakeratosis and loss of a granular layer. In
the whole skin grafts, dermal fibroblasts and
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Fio. 2. Whole skin after cultivation on ehorioallantoie membrane for 5 days showing
preservation of all epidermal characteristics.
collagen fibers appeared normal. The rete
and dermal papillae were preserved. In
cases, nucleated red blood cells of the
embryo were seen in the dermal vessels
graft implying that chick vessels had
lished connections with dermal vessels.
Isolated Epidermis
All isolated epidermis grafted to the CAM
degenerated within five days. Degeneration
occurred even when the graft was kept moist
by application of culture medium or egg
albumin solutions. Epidermal cells of the basal
and malpighian layers became eosinophilic
and exhibited pyknotic nuclei. Frequently, the
cytoplasm became vacuolated. The granular cell
layer disappeared. The preformed stratum
corneum remained unaltered. None of the cells
in the isolated epidermis was labeled when
tritiated thymidine was administered on the
1, 3, 5 and 7th day of culture indicating a lack
of mitotic activity.
In the majority of grafts of isolated epidermis
to the CAM, the epidermis rested on the epi-
thelial layer of the CAM. In some grafts, the
epidermis was directly apposed to the mesen-
chyme of the CAM and in a few grafts, iso-
lated epidermis was completely surrounded
by CAM mesenchyme with no intervening
epithelial layer (Fig. 3). Even when isolated
epidermis was apposed to or surrounded by
mesenchyme, degeneration occurred; therefore,
it seemed unlikely that degeneration was due to
a barrier imposed by the epithelium of the
CAM.
Isolated Dermis
Isolated dermis which consisted mainly of
the papillary area appeared normal after graft-
ing. Fibroblasts and collagen fibers retained a
normal appearance. The grafted dermis sank
into the CAM and was frequently surrounded
by it. As in whole skin grafts, nucleated chick
red blood cells were frequently found in dermal
vessels. Initially, when thicker pieces of dermis
(0.4—0.6 mm) were used, foci of degenerations
were seen in the center of the dermal grafts.
When thin dermal sheets were used (0.2 mm
thick), no degeneration occurred. All experi-
ments reported in this paper were done with
thin dermal pieces.
Recombinations of Isolated Epidermis and
Viable Dermis
Recombinants were constructed with epi-
dermis in its normal orientation and the dermis
either normally oriented (Fig. 1D) or inverted
Fig. 1C). The majority of recombinants were
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FIG. 3. Isolated epidermis (E) surrounded by chorioallantoic membrane (CAM) at 5
days cultivation. Degeneration of epidermis is present with loss of basal cell, Malpighian
and granular cell layers. Epidermal cells exhibit pyknotic nuclei and vacuolated cytoplasm.
constructed with the dermis inverted. Regard-
less of the orientation of the dermis in the
areas where epidermis and dermis were directly
apposed, the characteristics of an organized
viable epidermis were preserved (Fig. 4). A
regular basal cell layer was present immediately
adjacent to the dermis. Mitotic activity of the
cells in the basal layer was documented by
radioautographic labeling with tritiated thymi-
dine (Fig. 5). Orderly maturation of keratino-
cytes was observed in most grafts with preser-
vation of the malpighian and granular cell
layers. Between the granular layers and the
more loosely arranged preformed stratum
corneum, a more dense eosinophilic anuclear
zone was seen (Fig. 6). This zone labeled
heavily with tritiated histidine administered
during cultivation (Fig. 7), demonstrating it
to be newly formed stratum corneum. In a
few of the grafts, abnormal keratinization with
retention of nuclei and loss of the granular
layer occurred between the apparently healthy
malpighian cells and the preformed stratum
corneum. In some grafts, a thin irregular band
of parakeratosis was seen between the newly
formed and the preformed stratum corneum
with a perfectly normal appearance to the epi-
dermis otherwise.
Most of the grafts were constructed so that
the epidermal component overlapped the der-
mal, thereby leaving areas of isolated epider-
mis without underlying dermis. In the areas
where epidermis and dermis were apposed, the
epidermis was maintained whereas the areas
of free epidermis of the same graft degen-
erated (Fig. 8). Generally, an abrupt altera-
tion from maintained to degenerated epidermis
occurred at the borders of the area where the
dermis underlaid the epidermis. In some cases,
the normal appearing epidermis extended a
short distance from the dermis, but in no case
more than 02 mm.
The characteristics of the epidermal-dermal
interface were interesting when recombinants
with the dermis in the proper position were
compared with recombinants with the dermis
inverted. When epidermis was recombined
with inverted dermis, which presented a uni-
formly flat surface due to cutting with the
keratotome, no reformation of dermal papillae-
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FIG. 4. Recombinant of epidermis and viable dermis at 5 days cultivation. Basal cell,
Malpighian and granular layers are maintained. The stratum corneum consists of a layer
formed during culture, new'y formed stratum corneum (NSC) and a layer present before
cultivation, preformed stratum corneum (PSC).
FIG. 5. Autoradiograph of epidermal-dermal recombinant showing labeling of basal cells
with tritiated thymidine (arrow).
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Fig. 6. Epidermal-dermal recombinant at 10 days cultivation showing two distinct layers
of stratum corneum: newly formed stratum corneurn (NSC) and preformed stratum
corneum (PSC).
Fio. 7. Autoradiograph of epidermal-dermal recombinant to which tritiated histidine was
administered during culture. Newly formed stratum corneurn is heavily labeled (arrow),
whereas the pre-existing stratum corneum is unlabeled. Moderate labeling is present over
other areas of epidermis.
*
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FIG. 8. Epidermal-dermal recombinant constructed so that dermis (D) underlies epi-
dermis (E) only in part of the graft. Epidermis is maintained where it is directly opposed
to dermis, but epidermis degenerates when present alone on chorioallantoic membrane
(CAM).
rete ridge pattern occurred. However, when
epidermis was recombined with dermis in its
normal orientation, a few scattered and ir-
regular areas simulating the dermal papillae-
rete ridge pattern of normal skin were noted.
Recombination of Isolated Epidermis and Non-
viable Dermis
In order to evaluate the requirement for
viability of the dermis in maintaining epi-
dermis, recombinants were constructed of viable
epidermis with freeze-thawed dermis and heat
killed dermis. Recombinants of epidermis and
freeze-thawed dermis showed maintenance of
all epidermal characteristics just as in the re-
combinants with viable dermis (Fig. 9). Heat
killed dermis uniformly failed to maintain epi-
dermis in grafted recombinants.
Recombinants of Hnman Epidermis with Autol-
oqons, Homologous and Heterologous Der-
mis
To test the species specificity of the epi-
dermal-dermal interaction, recombinants were
made of viable human epidermis with viable
dermis from the same skin, dermis from a
different human subject and dermis from
guinea pig skin. Viable dermis from all three
sources maintained the epidermis in recombi-
mints indicatiiig a lack of species or individual
specificity.
Recombinants of Epidermis and Artificial Sub-
strates
Recombinants were constructed in which
epidermis was combined with artificial sub-
strates (Millipore filter and agar gel) substi-
tuted for dermis. In none of these recombi-
nants did the artificial substrates maintain
epidermis. Substrate is used in this paper to
mean a material which provides a surface
upon which epidermis rests.
Trans filtration Studies
Grafts were made with the isolated epi-
dermis and dernñs oi opposite sides of a
Millipore filter (Fig. lIE). This was done to see
whether dermis could exert its effect on epi—
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Fro. 9. Recombinant of epidermis and freeze-thawed dermis (non-viable). Epidermis is
well preserved.
derniis when the two were separated by a
transfilter distance of 25 microns. The purpose
was to test for the presence of a diffusible
chemical mediator in the epidermal-dermal in-
teraction. In all cases the epidermis degenerated
even though close apposition of the epidermis
and the dermis to opposite sides of the filter
was accomplished (Fig. 10).
DISCUSSION
is dermis necessary for the maintenance of
adult human epidermal characteristics? In the
presence of dermis, the epidermis in the re-
combinant grafts exhibited all the essential
characteristics of adult epidermis including a
mitotically active basal cell layer, orderly cyto—
differentiation with the preservation of mal-
pighian and granular cell layers and the elabo-
ration of newly formed stratum corneum.
Isolated epidermis under the same cultural con-
ditions degenerated. Even in the same graft,
sharp borders were seen between the areas of
maintained epidermis which lay directly over
dermis and the degenerated epidermis which
was not in apposition with dermis. It can be
concluded that dermis is necessary for epi-
dermal maintenance under the conditions of
this experiment.
It seemed doubtful that inadequacies of the
culture system were responsible for the dif-
ference in behavior of epidermis when recom-
bined with dermis and when grafted alone. Des-
iccation was excluded by failure to alter the
result in experiments where the epidermis was
kept moist continually by the application of
culture medium or egg albumin solution. The
epithelial layer of the CAM might have con-
stituted a barrier to the diffusion of nutrients
to the isolated epidermis whereas, in the epi-
dermal-dermal recombinants, nutrients were
supplied via the dermis which connected di-
rectly to the embryonic circulation. This ex-
planation was deemed unlikely by finding de-
generation of isolated epidermis even when the
epidermis was within the mesenchymal portion
of the CAM and not surrounded by the
CAM epithelium. Since the rich circulatory
system of the CAM mesencliyme is the nutrient
source of the recombinant as well, it is doubtful
that the isolated epidermis enclosed in the
CAM mesenchyme lacked nutrients.
A recent observation is pertinent to the role
of dermis in epidermal maintenance and organi-
zation. Adult rabbit epidermal cells grown in
vitro for 14 days reconstructed an epidermis
when grafted back to a prepared connective
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FIG. 10. Recombinant consisting of epidermis (E) and dermis (D) on opposite sides of
Millipore filter (MPF) after 5 days cultivation on CAM. Despite close apposition of epi-
dermis and dermis to filters, epidermal degeneration is present.
tissue bed in an autologous host (21). This is
compatible with an organizational role of the
underlying connective tissue.
Clues to the mechanism of the dermal in-
fluence on epidermal maintenance can be ob-
tained from observations on pidermal-dermal
interactions in embryonic chicken skin. When
embryonic whole skin and recombinants
of epidermis with viable dermis were cultured
in vitro, epidermis was maintained and dif-
ferentiation proceeded normally (4, 6, 22, 23,
24). When isolated epidermis was cultured in
the absenc.e of dermis or other substrate in all
types of culture medium, epidermal degenera-
tion occurred (4, 6, 14, 23). However, epi-
dermal orientation, mitotic and proliferative
activities were maintained, when a suitable
substrate was available to the basal cells and
chick embryo extract was present (6, 25).
Embryo extract was essential for the main-
teriance of embryonic epidermis on artificial
substrates, since epidermis degenerated when it
was combined with a suitable substrate and
cultured in chemically defined medium (25). In
this system, freeze-thawed dermis, collagen gel
and Millipore filter were found to be suitable
substrates (6, 25). However, epidermis had
specific substrate requirements since many ma-
terials such as agar and fibrin were inadequate
(6). In addition, these studies indicated that.
living dermal cells and even dermis itself were
not essential for epidermal maintenance. Ii
transfiltration studies, viable mesenchyme was
able to support orientation, mitotic activity and
limited keratinization of epidermal cells on the
opposite side of the filter (23). These studies
showed that direct apposition of dermis and
epidermis was not necessary and further sug-
gested that a diffusible mesenchymal factor
mediated the effect. Characterization of the ac-
tive factor was only partially accomplished, but
the material was found to be non-dialyzable,
trypsin sensitive and heat labile.
Several similarities and differences between
epidermal-dermal interactions in embryonic
skin and adult skin as described in the study
are worthy of comment. In both the embryonic
and adult situation, isolated epidermis was
poorly maintained in the absence of dermis. In
both cases, nonviable but relatively unaltered
MPF
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dermis (freeze-thawed) supported epidermal
maintenance. When dermis was markedly
altered by heating, epidermis degenerated. In
embryonic studies, artificial substances together
with the embryo extract factor substituted for
the dermis, whereas, in the adult, nondermal
substrates failed to maintain epidermis.
Whether a factor, such as that found in em-
bryo extract, was missing or different substrate
requirements existed for adult epidermis, is
not known. Although both embryonic and
adult epidermis have been maintained by
freeze-thawed dermis, the maintenance effect
was abolished by trypsinization of embryonic
dermis but not adult dermis. Adult dermis
may be more resistant to trypsin due to its
more stable structure or adult dermis may
support epidermis by an entirely different
mechanism from the embryonic dermis. The
latter possibility was supported by our in
ability to demonstrate a diffusible dermal fac-
tor in adult skin such as was shown in em-
bryonic skin by transfiltration studies.
SUMMARY
The influence of dermis on the maintenance
of adult human epidermis was examined by
studying the behavior of isolated and recom-
bined epidermis and dermis grafted to the
chick chorioallantoic membrane (CAM). The
preservation of a mitotically active basal cell
layer, orderly stratified maturation of cells with
malpighian and granular cell layers, and for-
mation of new stratum corneum were used as
criteria for the epidermal maintenance during
cultivation. Maximal preservation of these
characteristics was observed in whole skin
grafted to the CAM. Isolated epidermis de-
generated rapidly after grafting. However,
when epidermis was recombined with dermis
prior to grafting, the epidermis was well main-
tained, showing all the characteristics listed
above. Therefore, epidermal maintenance in
this system was dependent on the presence of
dermis. Both viable and freeze-thawed dermis
as well as homologous and heterologous dermis
rnaiiitained epidermis in recombinants. Other
substrate materials (Millipore filter, agar gel,
and heat killed dermis) were not effective in
maintaining epidermis. When epidermis and
dermis were recombined on opposite sides
of a Millipore filter and grafted to the CAM, epi-
dermis degenerated, indicating a failure of the
dermis to influence epidermis when separated
by a distance of 25 microns. No evidence for a
diffusible dermal factor responsible for the
observed dermal effect was found in these stud-
ies.
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